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ABS TRACT 

c 

T h i s  r e p o r t  covers the per iod January 1, 1967 t o  June 
30,  1967, during which time the p r o j e c t  t o  develop a f l u i d  
t r a n s p i r a t i o n  a r c  r ad ia t ion  source f o r  s o l a r  s imulat ion w a s  
i n i t i a t e d .  The background of the f l u i d  t r a n s p i r a t i o n  arc,  
inc luding  a d i s c u s s i o n  of bo th  the c y l i n d r i c a l  o f f s e t  and 
c o n i c a l  coax ia l  geometries, i s  presented.  A d e s c r i p t i o n  of 
c e r t a i n  f e a t u r e s  t h a t  o f f e r  p o s s i b i l i t i e s o f i m p r o v e d  source 
performance is a l s o  included. I n  p a r t i c u l a r ,  the high ion i -  
z a t i o n  of the FTA anode column p lus  the e f f e c t i v e n e s s  of 
h igh  v e l o c i t y  cathode i n j e c t i o n  t o  enhance b r igh tness  and 
i n h i b i t  cathode a b l a t i o n  has l e d t o a  new c o n c e p t f o r a  plas-  
m a  source.  This involves  a c o l i n e a r  opposing flow geometry 
t o  genera te  a large s tagnant  zone i n  the a r c  reg ion  of max- 
i m u m  e x c i t a t i o n .  A prel iminary success fu l  experiment on 
this  conf igura t ion  a t  1 atm. pressure  i s  descr ibed.  

T h e  r e p o r t  a l s o  describes designandprocurement of t h e  
f i r s t  source of t h i s  type designed t o  ope ra t e  a t  h igh  pres- 

s u r e s ,  inc luding  pressure  v e s s e l  and r e c i r c u l a t i o n  system, 
as  w e l l  a s  a complete system f o r  radiometric measurements. 

P-3/312 
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I. INTRODUCTION 

This document is the first in a series of semi-annual 
progress reports describing the work done on applications 
of the fluid transpiration arc, (hereinafter abbreviated as 
"FTA"). The application under way at present is the devel- 
opment of an efficient radiation source designed specifically 
for improved performance in solar simulation. 

Although the official starting date for this study was 

Hence only the actual progress made during the period 
January 1, 1967, the project was not activated until May 9 ,  
1967, 
May 9, 1967 to June 30, 1967, will be described, Despite 
the accelerated rate of effort expended during this period, 
only preliminary results are available. The major portion 
of this report will therefore be concerned with background, 
design, and procurement, The preliminary experimental re- 
sults to be reported are of considerable interest despite 
the paucity of data since they have led to the adoption of 
a new arc configuration with promising features as a radi- 
ation source. 

P- 3/3 12 
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11. BACKGROUND 

The c e n t r a l  f ea tu re  of t h i s  s tudy i s  t h e  FTA plasma 
genera tor ,  which d i f f e r s  from o the r  types  of plasmajet  
devices i n  t h a t  t h e  working f l u i d  i s  i n j e c t e d  i n t o  t h e  arc 
by t r a n s p i r a t i o n  through a porous anode; e n t e r i n g  t h e  d is -  

charge across  t he  anodic a r c  terminus.  This  type  of plasma 
device has  been thoroughly treated i n  previous r e p o r t s  l J 2  

and only a b r i e f . d e s c r i p t i o n  w i l l  be given here  f o r  purposes 
of o r i e n t a t i o n .  

A .  CYLINDRICAL FTA 

This  i s  t h e  o r i g i n a l  form t h e  FTA and i t s  opera t ion  
may be understood by reference t o  t h e  s impl i f i ed  drawing 
of Fig 1., The working f l u i d  (a rgon)  i s  suppl ied under 
s u i t a b l e  pressure  through a c y l i n d r i c a l  channel i n  t h e  anode 
holder  en te r ing  t h e  r ea r  f ace  of a tapered  c y l i n d r i c a l  
porous anode ( g r a p h i t e  or  s i n t e r e d  tungs t en ) ,  and emerges 
from t h e  f r o n t  f ace  d i r e c t l y  i n t o  t h e  p o s i t i v e  column ( i .e . ,  
t h e  po r t ion  of t h e  conduction column i s s u i n g  from and flow- 
ing  away from t h e  anode).  

The cathode i s  a t h o r i a t e d  tungsten rod, having a 

con ica l  t i p ,  disposed so t h a t  t h e  t i p  i s  s l i g h t l y  below 
t h e  l e v e l  of t h e  p o s i t i v e  column, i t s  a x i s  i n c l i n e d  a t  an 
acuta  angle  t o  t h e  anode a x i s .  I n  t h i s  conf igura t ion  t h e  
negat ive column (po r t ion  of t h e  conduction column beginning 
a t  t h e  cathode t i p  and flowing away from t h e  cathode)  merges 
smoothly with t h e  p o s i t i v e  column, r e s u l t i n g  i n  q u i e t ,  

-2 - 
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FIG, 1 SKETCH OF CYLINDRICAL FTA 
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s t a b l e  opera t ion .  A photograph of t h e  FTA opera t ing  i n  
t h i s  geometry is shown i n  F ig .  2 ,  

A s  may be seen from Figs .  1 and 2,  the FTA i s  a com- 
p l e t e l y  fffree-burningff a r c  plasma system, a l l  p a r t s  of 
which a r e  a c c e s s i b l e ,  N o  thermal o r  o the r  c o n s t r a i n t s  a r e  
app l i ed  t o  t h e  conduction zone, a s  i n  the case of the wall-  
s t a b i l i z e d  o r  vor tex-s tab i l ized  a r c s .  The system opera tes  
s t a b l y  d e s p i t e  t h e  convection of r e l a t i v e l y  l a r g e  amounts of 
gas  through t h e  a r c .  Also, because of t h e  absence of water- 
cooled su r faces  close t o  the column p lus  the regenera t ive  
convective cool ing of t h e  porous anode by t h e  t r a n s p i r a n t ,  
t h e  system has an unusually high energy t r a n s f e r  e f f i c i e n c y .  
Upwards of 90 percent of the input  power may be t r a n s f e r r e d  
t o  t h e  working f l u i d .  

O f  more i n t e r e s t  t o  the  p re sen t  a p p l i c a t i o n  is t h e  
f a c t  t h a t  t h e  gas i n  t h e  p o s i t i v e  column i s  cha rac t e r i zed  
by considerably higher  than equi l ibr ium i o n i z a t i o n  a t  t h e  
p r e v a i l i n g  temperatures.  This  has  been a t t r i b u t e d  t o  f i e l d  

i o n i z a t i o n  i n  t h e  anode sheath where t h e  average e lec t ron-  
n e u t r a l  c o l l i s i o n  energy may be-5 ev or more. On t h e  
assumption of a quasi-Maxwellian d i s t r i b u t i o n  of c o l l i s i o n  
energy about a 5 ev average, we see t h a t  i n  t h e  shea th  a con- 
s ide rab ly  h igher  f r a c t i o n  of c o l l i s i o n s  w i l l  have energ ies  ex- 
ceeding the ion iza t ion  energy than i n  t h e  normal a r c  column 
where t h e  average c o l l i s i o n  energy i s ( 1  ev.  Therefore i f  

t h e  su r face  pores i n  the anode a r e  of appropr i a t e  s i z e  and 
d i s t r i b u t i o n  so t h a t  an apprec iab le  amount of t h e  i n j e c t e d  
gas pene t r a t e s  t h e  sheath,  t h e  i o n i z a t i o n  of co ld  n e u t r a l  
atoms by d i r e c t  e l e c t r o n  impact i n  t h e  shea th  region is 
favored. A s  a r e s u l t  t h e  e f f l u e n t  gas  is immediately 
endowed with high e l e c t r i c a l  conduct iv i ty  upon emerging 

-4- 
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FIG. 2 PHOTOGRAPH OF CYLINDRICAL FTA IN OPERATION 
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* from t h e  anode, d e s p i t e  t h e  low gas  temperature.  Further-  
more t h e  non-equilibrium degree of i o n i z a t i o n  p e r s i s t s  f o r  
a considerable  d i s t ance  i n t o  t h e  column owing t o  t h e  weak 
e l ec t ron -neu t r a l  coupling. (Elec t ron-neut ra l  r e l a x a t i o n  

t i m e  3.2 x lom6 sec, a s  compared w i t h  10 
e lec t ron-e lec t ron ,  o r  2 .5  x sec f o r  neu t r a l -neu t r a l ,  
encounters) .** 
of i on iza t ion  i n  t h e  FTA is manifested by a higher  plasma 

e l e c t r i c a l  conduct iv i ty  and more i n t e n s e .  continuum r a d i a t i o n  
than  can be c o r r e l a t e d  with t h e  plasma temperature3. The 
inc rease  i n  t h e  r e l a t i v e  i n t e n s i t y  of continuum r a d i a t i o n  
(which v a r i e s  a s  t he  square of t h e  f r e e  e l e c t r o n  d e n s i t y )  
i s  of e s p e c i a l  importance, s ince  t h i s  type of spectrum i s  
most u se fu l  f o r  s o l a r  s imulat ion.  

B.  CONICAL FTA 

sec f o r  -11 

The ex is tence  of an abnormally high degree 

I n  t h i s  modification, t h e  e l e c t r o d e s  are coax ia l ly  
disposed, wi th  t h e  porous anode i n  t h e  form of a t runca ted  
conica l  s h e l l ,  loca ted  behind t h e  t i p  of t h e  con ica l  cathode. 
This  conf igura t ion  i s  sketched i n  F i g .  3. The p o s i t i v e  
column assumes t h e  form of a con ica l  lamina converging 
toward t h e  t i p  of t h e  cathode and merging wi th  t h e  nega t ive  
column v e r y  c l o s e  t o  t h e  cathode t i p .  
j e c t i n g  t h e  h ighly  ionized con ica l  plasma stream from t h e  

anode i n t o  t h e  cathode stream very c lose  t o  t h e  t i p  ( a  
region where t h e  a r c  cu r ren t  d e n s i t y  becomes h i g h )  i s  t o  
genera te  an elongated tear-drop shaped plasma bubble of 
high luminosi ty .  Photographs of t h i s  u n i t  i n  opera t ion  are 

The r e s u l t  of in -  

shown i n  F ig .  4 .  I n  t h e  t o p  photograph t h e  a r c  was 

* Note t h e  dark space next t o  t h e  anode i n  F i g .  2 
** For argon gas  a t  1 atm. 

operated 
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PATH OF 
CURRENT 
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POROUS ANODE 
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FIG. 3 SKETCH OF CONICAL VERSION OF FTA 
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FIG.4 PHOTOGRAPHS OF CONICAL FTA IN OPERATION : 
A - POWER L E V E L  I IO K W  (NORMAL RATING) ; 
B - POWER LEVEL I 25 K W  (OVERLOADED TO SHOW ANNULAR 

POROUS ANODE SURFACE) 
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a t  i t s  maximum power r a t i n g  of 10 KW, i npu t .  The elongated, 
b r i l l i a n t  plasma bubble i s  c l e a r l y  s e e n ,  I n  t h e  bottom 

p i c t u r e  t h e  u n i t  was momentary overloaded (25 KW i n p u t )  
causing t h e  annular anode su r face  t o  become v i s i b l e  and ex- 
tending t h e  length of t h e  high luminosity plasma zone. I n  
e a r l y  work4 on t h i s  modification of t h e  FTA a peak source 
b r igh tness  of 5000 candles per  sq. mm. was measured j u s t  o f f  

t h e  cathode t i p  a t  300 p s i  (a rgon)  chamber pressure  and 1 4  KW 

power i n p u t .  

A s  a l i g h t  source,  the  conica l  FTA appears t o  possess  
several a t t r a c t i v e  features.  From F ig .  3, t h e  l a r g e  s o l i d  
angle  up t o ( 8  s t e r a d i a n s ) a v a i l a b l e  f o r  l i g h t  c o l l e c t i o n  i s  
r e a d i l y  apparent .  Although sys temat ic  s p e c t r a l  radiance 
measurements a r e  lacking, it i s  a reasonable presumption 
t h a t  t h e  high degree of i on iza t ion  and favorable  s p e c t r a l  
q u a l i t y  of t h e  emit ted r a d i a t i o n  e x i s t s  i n  t h i s  modif icat ion 
as was found f o r  t h e  c y l i n d r i c a l  conf igu ra t ion .  Fur ther  it 
may be a n t i c i p a t e d  t h a t  t h e  convergent flow of a h ighly  ion- 
i zed  anode column i n t o  the  peak b r i l l i a n c y  zone of t h e  
cathode column would enhance t h e  t o t a l  radiance,  p a r t i c u l a r l y  
t h e  continuum component. 

One of t h e  d i f f i c u l t i e s  with t h i s  source w a s  t h e  elon- 
g a t i o n  of the  peak b r i l l i a n c y  zone b y  t h e  c o d i r e c t i o n a l  flow 
of both cathode and anode columns. This  has  t h e  tendency of 

e longat ing t h e  e f f e c t i v e  emi t t ing  zone, increas ing  i t s  a rea  
while decreasing i t s  average rad iance .  Although t h e  t o t a l  
f l u x  r ad ia t ed  a t  a given power l e v e l  i s  not  much inf luenced 
by flow, t h e  spreading of t h e  zone o v e r  t o o  l a r g e  an a r e a  
might present  d i f f i c u l t i e s  i n  t h e  design of a n  e f f e c t i v e  
l i g h t  c o l l e c t i o n  system. Th i s  cons ide ra t ion  h a s  l ed  t o  some 
t e s t i n g  of a new conf igura t ion  during t h e  few weeks of a c t u a l  

- 9- 
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experimentation ava i l ab le  during the  r e p o r t  pe r iod .  T h i s  

involves  an opposed geometry w i t h  an at tempt  t o  focus the  

anode flow on the  cathode b r i g h t  zone, so a s  t o  r e t a i n  the  

advantages of t h e  conical  geometry w h i l e  e l imina t ing  the 

objec t ionable  spreading f e a t u r e .  Thus w i l l  be discussed 
i n  Sec. I11 below. 

C .  FORCED CONVECTION INTO THE CATHODE COLUMN 

For seve ra l  years p r i o r  t o  t h e  c u r r e n t  r e p o r t  per iod,  
the inf luence  of i n j e c t i n g  a high v e l o c i t y  stream of gas  

i n t o  t h e  negat ive column of an arc has  been i n v e s t i g a t e d .  
Some of the r e s u l t s  of t h i s  i n v e s t i g a t i o n  have a direct  
bear ing  on the present  work i n  t h a t  they  have led t o  t h e  

incorpora t ion  of cathode convection as  an important f e a t u r e  
i n  t he  new FTA configurat ion mentioned above. 
a b r i e f  d e s c r i p t i o n  of t h e  phenomenon and a d i scuss ion  of 
t h e  most s i g n i f i c a n t  r e s u l t s  w i l l  be presented h e r e .  The 
d e s c r i p t i v e  ma te r i a l  i s  a condensation from a previous 
report’  while the  discussion of r e s u l t s  has been abs t r ac t ed  
from a Technical Report on t h i s  s u b j e c t  which i s  p resen t ly  
i n  process  of prepara t ion .  

Accordingly 

Although the  behavior of e lectr ic  arcs sub jec t  t o  
p a r a l l e l  gas  flow surrounding the  cathode column has  been 
descr ibed i n  the  l i t e r a t u r e , 6  no a t t e n t i o n  has  been given 
t o  the  inf luence  of t h e  amount of flow and the  manner of 
i n j e c t i o n  upon t h e  c h a r a c t e r i s t i c s  of the column. 

e n t l y  p r e v i o u s  u s e  of coaxia l  p a r a l l e l  flow around the  

column has  been aimed a t  achieving a f l u i d  mechanical con- 
s t r i c t i o n 7  of t h e  column i n  t h e  manner of the  water-cooled 
channel.  P a r a l l e l  flow i s  repor ted  t o  s t a b i l i z e  t h e  a r c  
more e f f e c t i v e l y  than  the  water-cooled m e t a l l i c  c o n s t r i c t o r  

Appar- 

-10- 
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o r  vor tex  flow, and, of c o u r s e ,  does not  occlude t h e  
emit ted r ad ia t ion .  

The work done a t  CUERL, on t h e  o t h e r  hand, was con- 
cerned with i n j e c t i n g  gas i n t o  t h e  column near t h e  base of 
t h e  column c o n s t r i c t i o n  a t  t h e  negat ive terminus of t h e  a r c ,  
r a t h e r  than enveloping the  e n t i r e  column. Even without 
forced convection, t h e  column w i l l  a s p i r a t e  gas fram the  
surrounding medium i n t o  t h e  column near t he  cathode spo t  a s  
a r e s u l t  of t h e  n a t u r a l  decrease of column diameter i n  t h i s  
region. 
t h e  increase  i n  c u r r e n t  dens i ty  i n  t h e  column con t rac t ion  
zone near  t h e  s m a l l  cathode spot .  The r e s u l t i n g  non-homo- 

geneous self magnetic f i e l d  (which inc reases  toward t h e  
cathode) causes a body force on t h e  conductive plasma pro- 
p e l l i n g  t h e  l a t t e r  along the  column a x i s  away from the  
cathode t i p  and giving rise t o  t h e  well-known n a t u r a l  cath- 
ode j e t  i n s i d e  the column. The movement of  gas  away from 
t h e  cathode t i p  decreases t h e  l o c a l  gas d e n s i t y  i n  t h i s  
region r e s u l t i n g  i n  t h e  a s p i r a t i o n  of ambient gas i n t o  t h e  
column t o  maintain t h e  j e t .  I f  t h e  surrounding atmosphere 
i s  a i r ,  (as  w a s  t h e  case i n  t h e  e a r l y  s t u d i e s  of t h e  FTA 
argon p o s i t i v e  column) the system becomes contaminated with 
atmospheric compments. I n  f a c t ,  it w a s  i n  t h e  at tempt  t o  
rep lace  t h e  n a t u r a l l y  a s p i r a t e d  a i r  wi th  i n t e n t i o n a l l y  in- 
t e n t i o n a l l y  i n j e c t e d  argon so a s  t o  reduce contamination 
t h a t  t h i s  s tudy was f i r s t  undertaken. However, it was soon 
demonstrated t h a t ,  when t h e  gas was i n j e c t e d  very c l o s e  t o  
t h e  cathode spot ,  profound and unant ic ipa ted  changes occurred 
i n  t h e  p r o p e r t i e s  of the negat ive column. 

This effect  w a s  explained by Maecker' as due t o  

The i n i t i a l  s t u d i e s  o f  forced cathode convection w e r e  
c a r r i e d  o u t  wi th  t h e  apparatus sketched i n  Fig. 5. The 

P-3/312 . -11- 
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FIG. 5 APPARATUS USED TO STUDY EFFECT OF FORCED CONVECTION INTO 
COLUMN AT THE CATHODE CONSTR I CTION 
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cathode cons is ted  of a 1/4 i n .  diameter t h o r i a t e d  tungs ten  
rod i n t e r n a l l y  water-cooled and tapered  t o  a con ica l  t i p  
with a 30' apex angle .  A n  annular  nozzle mating with t h e  
con ica l  su r f ace  of t h e  cathode formed t h e  i n j e c t i o n  nozzle,  
t h e  annular  a r i f i c e  of which w a s  pos i t ioned  seve ra l  mm 
behind t h e  cathode t i p .  Adjustment of t h e  cathode a x i a l  
p o s i t i o n  by means of a micrometer s c r e w  permit ted t h e  area 
of t h e  annular  o r i f i c e  t o  be va r i ed  and the re fo re , toge the r  
with t h e  i n l e t  pressure,  allowed r egu la t ion  of t h e  gas  
flow. Flow v e l o c i t y  w a s  monitored by  measuring t h e  s t a t i c  
pressure  developed i n  3 s m a l l  s i d e  a r m  t ubes  ( P  P and 
P ) during opera t ion .  

1' 2 

3 

The anode cons is ted  of a 1 i n .  diameter copper tube,  
having 1/8 i n .  w a l l  th ickness  and vigorously water-cooled. 
The a r c  gap was usua l ly  maintained a t  3 c m  during t h e  study, 
and, obviously, t h e r e  was no p o s i t i v e  column i n  t h e  sense 
t h a t  no gas  flow away from t h e  anode occurred.  The observed 

e f fec ts  of forced convection could then  be a t t r i b u t e d  
e n t i r e l y  t o  t h e  gas  introudced near t h e  cathode. F ig .  6 i s  
a photo of t h i s  u n i t  i n  opera t ion  with a flow of 0.1 gms/sec 
of argon i n j e c t e d  i n t o  the  base of t h e  column. 

Among t h e  e f f e c t s  of forced convection i n t o  t h e  base of 
t h e  column ( i . e . , i n  t h e  manner i l l u s t r a t e d  by F igs .  5 and 6 )  
are r a d i c a l  a l t e r a t i o n  i n  t h e  t e rmina l  c h a r a c t e r i s t i c  of t h e  
a r c ,  changes i n  t h e  r a d i a l  d i s t r i b u t i o n  of cu r ren t  d e n s i t y  
and a x i a l  p o t e n t i a l  d i s t r i b u t i o n ,  a s  w e l l  as changes i n  t h e  
peak temperature (and luminosi ty)  of t h e  column a t  a given 

c u r r e n t  l e v e l .  A d e t a i l e d  d e s c r i p t i o n  of t h e s e  e f f e c t s  i s  
given i n  t h e  Technical Report on t h i s  sub jec t  mentioned 

above, which is present ly  i n  p repa ra t ion ,  and hence t h e s e  
detai ls  w i l l  not  be included h e r e .  However two p e r t i n e n t  

-13- 
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FIG. 6 PHOTOGRAPH OF FORCED CATHODE CONVECTION ARC IN OPERATION. < = 6 g m / s e c - c m * )  m = 0.1 gm/sec 
ARCGAP = 3.5 cm , 1 a t m .  ARGON. 
(NOTE HIGH BRIGHTNESS OF COLUMN ON THE L E F T ,  AND ABSENCE 

I = 200 a m p . ,  V = 35 volt , 

OF EXTENSIVE GLOWING OF CATHODE BEHIND THE SPOT 1 
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observations will be included to illustrate the extent to 
which this kind of forced convection can influence the 
properties of the arc column. 

Radial temperature distributions of the column (cf. 
Figs. 5 and 6) were measured at various axial positions, 
using crossed slits and making a chordal scan of the inten- 
sity of a given line (Ar 1-6969) or at a given point in 
the continuum (5OOOh). 
scans yielded the (equilibrium) column temperatures in ac- 
cordance with well-known practice. One of the parameters 
of the measurement was the mass flux density, 4, defined as 
follows: 

Abel inversion of the intensity 

rn 4 = gms/sec-cm2 

Where ni = total mass flux (gms/sec) 
A = aperture area of annular nozzle orifice (an2). 

Since h = pvA (where p = gas density in gms/cm3 and v 
= gas velocity in cms/sec) it follows that 4 = pv, and is 
a measure of the jet momentum just prior to injection into 
the base of the column. The observation to be described 
is correlated to the parameter 4 as indicated in Table I. 
(The data shown were taken at a point on the axis 3 mm off 
the cathode tip). 

TABLE I 
INFLUENCE OF FORCED CATHODE CONVECTION 

ON COLUMN TEMPERATURE 

TO 
4 Iil I V P 

(qm-sec-’cm-‘ ) ( qm/ sec) (amps) (Volts ) (Kw) (OK) 

507 13,400 
6.3 18,200 

2 0 5  00 2 150 38 
42 5 0 0  00 2 150 

2 0 , o  0.2 150 52 7.8 12,600 

-15- 
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I n  t h i s  experiment, the  t o t a l  mass f l u x  (i) as  w e l l  a s  

the a r c  c u r r e n t  ( I )  w e r e  held cons tan t .  Var ia t ion  i n  t h e  
parameter,  4 ,  i .e. ,  the  in j ec t ion  ve loz i ty ,  a t  cons tan t  flow 
rate ,  was accomplished by varying the  nozzle  o r i f i c e  a r e a  A. 

observe t h a t  t he  a r c  voltage ( V )  and hencz the  power i n p J t  
( P )  rose  som$z 37% as was increased from 2 .5  t o  20 qLn-sec- 
c m  , r e p r e s e n t h g a n  e ight - fo ld  inc rease  i n j e c t i o n  ve loc i ty .  
T h e  increases  i n  a r c  voltage i s  understandable i f  o?e con- 
s i d e r s  the  inf luence  of the m a s s  motion of i n j e c t e d  gas on 
the ion d r i f t  c u r r e n t  toward thus cathode. 
gas i s  i n  counterEhx t o  the ion  d r i f t  cu r ren t ,  t h e  l a t t e r  
can  be expected t o  be slowed dosm by an amount depending on 

the i n j e c t i o n  v e l o c i t y .  Reduction of the ion d r i f t  v e l o c i t y  
nea r  t h e  cathode can i n  turn be expected (on the  b a s i s  of 
a-czpted cathode phenomena)' t o  zause an increased gradien t  
i n  t h i s  region (subsequently v e r i f i e d  by p o t e n t i a l  probe 
measurement) and the re fo re  a h igher  a r c  vol tage.  

1 

-2 

Since the  i n j e c t e d  

The s u r p r i s i n g  observation i s  t h e  inf luence  of i n j e c -  
t i o n  v e l o c i t y  on the  a x i a l  temperature, Nhich j q p s  fram 
13,400 OK t o  18,200 OK as 4 i s  increased from 2.5 t o  5gm-se6' 

c m  , and then drops back t o  12,600 OK as  4, i s  f u r t h e r  in-  
c reased  t o  20 gm-secr cm . Simi lar  r e s u l t s  w e r e  observed 
a t  var ious  o t h e r  a x i a l  s t a t i o n s  encompassing v i r t u a l l y  the  
e n t i r e  cathode column. The temperature behavior i s  n o t  so 
e a s i l y  r a t i o n a l i z e d ,  b u t  is probably the  r e s u l t  of a f l u i d  
mechanical c o n s t r i c t i o n  of t h e  calumn f o r  which an optimum 
v e l o c i t y  zould e x i s t . "  

-2 

- 1 - 2  

with r e spec t  t o  i t s  u s e  i n  an a r c  system f o r  a radio- 
a t i o n  sourc2, i t  i s  s i g n i f i c a n t  tSlat the  source i n t e n s i t y  

* The i n t e r p r e t a t i o n  of t h i s  phenomenon a s  we l l  a s  o t h e r  
f e a t u r e s  of forced cathc3de i n j e c t i o n  a r c  c u r r e n t l y  being 
t r e a t e d  i n  a doc tora l  d i s s e r t a t i o n  on this  s u b j e c t  by 
C. G.  S t o j a n o f f .  

-16- 
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can be increased by a faz tor*  of  3.4 f o r  a corresponding 
inc rease  of only 10.5% i n  arc  vol tage ,  a l l  o t h e r  f a c t o r s  re- 
maining f ixed .  

A s  might be an t i c ipa t ed ,  t he  e s t a b l i s h n e n t  of a h igh  
speed f i l m  of cold gas flowing along the  conica l  cathode 
s u r f a c e  toward thje t i p  helps  t o  cool  t he  body of the  cathode 
by convecting away some of t he  waste h e a t  conducted back 
f r o a  the  cath3de spot .  During the  prel iminary study of 
cathode i n j e c t i o n  a f e w  experiments were c a r r i e d  out  t o  
de t e rn ine  the  e f f ec t iveness  of t h i s  type of cooling. The 
cathodes w a x  prepared with con ica l  t i p s  i n  t h e  usual  manner 
except  t h a t  a 1 mm diameter f l a t  w a s  ground on the  end of 
each cathode on which the  cathode s p o t  could form. These 

w e r e  then operated i n  t h e  set-up sketched i n  Fig. 5 a t  very 
h igh  c u r r e n t  l e v e l s ,  and the ab la t ion  of t he  cathode t i p  w a s  
observed as 4 was var ied.  Fig. 7 shows two photonicrographs 
(magnif icat ion = 75 x )  of cathode t i p s  following runs a t  
very  low and very high values of 4 .  The r e s u l t  of 23 mins .  

opera t ion  a t  590 amps t o t a l  c u r r e n t  and 4 = 1 gm/sec-cm2 
i s  shown i n  Fig. 7a. Extensive ab la t ion  of t h e  cathode t i p  
i s  c l e a r l y  evident .  
e red  t o  be due t o  f l u i d  mechanical fo rces  a c t i n g  on the  
cathode material w%ile i n  the  mDltea o r  p l a s t i c  s t a t e .  
During operat ion molten d rop le t s  w e r e  observed t o  f l y  o f f  
t h e  cathode t i p ,  most l i k e l y  a s  a r e s u l t  of severe necking. 

Af te r  detachment of a d rop le t  t he  necking process  would begin 
again lead in3  t o  f u r t h e r  ab la t ion ,  so t h a t  a considerable  
waight loss was s u f f e r e d  by the  cathr>de t i p  a f t e r  a r e l a -  
t i v e l y  s h o r t  per iod of operation. 

The "necking down" of the  t i p  i s  consid- 

* Calculated fram the  4th power of t he  temp,2rature r a t i o :  
(18,200/13,403)4 = 3.4 
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I 

FIG. 7 PHOTOMICROGRAPHS ( X 7 5 )  OF CATHODE TIPS FOLLOWING OPERATION 
(@ 500 amp. ARC CURRENT IN ARGON. 

A - SIDE VIEW AFTER 20 min. WITH < = 1 gm/sec - cm2 
B - END - ON VIEW AFTER 7 hrs. WITH [ = 65 gm/sec - cm2 
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F i g .  7b shows an end-on view of a cathode i d e n t i c a l  t o  

t h a t  of Fig. 7a and operated under t h e  same condi t ions  except 
tha t  4 w a s  increased t o  65 gm/sec-cm? 
the same arc cu r ren t  (500 amp.) as in the previous case,  t h i s  

cathode showed no evidence of melting o r  a b l a t i o n  of any kind. 
N o r  w a s  any w e i g h t  loss de tec t ab le  a f te r  7 hrs, of continuous 
running t i m e .  The only d i f f e rence  i n  appearance be fo re  and 
a f t e r  the run w a s  a s l i g h t  roughening of the emi t t ing  sur face .  
T h i s  r e s u l t  demonstrates t h a t  i n j e c t i o n  of gas  i n t o  the base 
of the cathode column, i n  the manner described, i s  e f f e c t i v e  
i n  i n h i b i t i n g  cathode a b l a t i o n  for  c u r r e n t  d e n s i t i e s  a t  the 

cathode spo t  i n  excess of 60,000 amp./cm2. 
gether w i t h  a similar r e s u l t  a t  the anode due t o  f l u i d  t r ans -  
p i r a t i o n ,  i s  of considerable  importance i n  connection with 
long-term operat ing r e l i a b i l i t y  of r a d i a t i o n  sources  such a s  
requi red  i n  s o l a r  simulation. A t  p resent  the effect  i s  being 
inves t iga t ed  more q u a n t i t a t i v e l y  t o  determine t h e  condi t ions  
of opera t ion  for which ab la t ion  may be i n h i b i t e d  a t  values  
of ( corresponding t o  optimum column b r igh tness .  

Although emi t t ing  the 

This f e a t u r e  to- 
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111. PROGRESS TO DATE 

Although t h i s  r epor t  covers t he  f i r s t  s i x  months of  
t h e  p r o j e c t ,  experimental work involving app l i ca t ion  of t h e  
FTA t o  an improved r ad ia t ion  source f o r  s o l a r  s imulat ion 
w a s  performed only d u r i n g  t h e  l a s t  seven weeks of  t h i s  pe- 
r iod .  During the  t i m e  between January l, 1967 and May 
1967, i . e . ,  be fo re  a c t i v a t i o n  of t h e  c o n t r a c t ,  a d e t a i l e d  
study w a s  made o f  the  background material r e l a t i n g  t o  both 
t h e  FTA and t h e  FCCA* (see  Sec. 11) f o r  t h e  purpose of guid- 
ing t h e  i n i t i a l  design of a r a d i a t i o n  source.  A s  a r e s u l t  
of t h i s  study a new configurat ion w a s  conceived having in- 
t e r e s t i n g  p o t e n t i a l  c h a r a c t e r i s t i c s  f o r  t h i s  app l i ca t ion .  
Accordingly, t h e  preliminary experiments a s  w e l l  as t h e  de- 
s ign  and procurement a c t i v i t y  c a r r i e d  on toward the  end of 
t he  r e p o r t  period w e r e  both concerned with the  eva lua t ion  
of t h i s  concept. 

A .  EXPERIMENTS 

The o r i g i n a l  p lan  fo r  t h i s  p r o j e c t  contemplated t h e  
development of a r a d i a t i o n  source employing t h e  con ica l  mod- 
i f i c a t i o n  of  t h e  FTA, as i l l u s t r a t e d  i n  Fig.  3 and depic ted  
i n  Fig.  4 .  During t h e  e a r l y  p a r t  of t h i s  year  (February- 
March, 1967) some experiments w e r e  c a r r i e d  o u t  i n  connection 
with the  previous research program0.n t h e  FTA t o  i n v e s t i g a t e  
the  e f f e c t  of cathode i n j e c t i o n  on t h e  con ica l  FTA. This 
w a s  predicated i n  p a r t  on t h e  assumption t h a t  e f f e c t s  s i m i l a r  

* "Forced cathode convection a r c .  If 

-2 0- 



COLUMBIA U N I V E R S  ITY-ELECTRON ICs R E S E A R C H  LABORATORI ES  

t o  those reported i n  Sec. 11-C on t h e  normal cathode-column 

might a l s o  be observed f o r  the con ica l  FTA. I f  v e r i f i e d ,  
t h e  two f e a t u r e s  described above, r e l a t i n g  t o  increased 
b r i g h t n e s s  of t h e  column plasma and reduct ion of  cathode 
a b l a t i o n ,  would enhance t h e  performance of t he  FTA as a ra- 
d i a t i o n  source.  

The experiments w e r e  c a r r i e d  o u t  by designing a s p e c i a l  
con ica l  arc head which incorporated a t h i n  annular nozzle 
between t h e  cathode and t h e  i n s u l a t o r  (see Fig.  3 )  normally 
sepa ra t ing  the cathode from t h e  anode s t r u c t u r e .  This  per- 
mit ted t h e  in t roduct ion  of cathode i n j e c t i o n  gas  i n  t h e  man- 
n e r  of  Fig.  5, independently of t he  main anode t r a n s p i r a n t ,  
V a l u e s  of  6 from 0 t o  100 gm/sec - c m 2  were t r i e d  a t  v a r i -  
ous t o t a l  anode and cathode flow rates.  The r e s u l t s  of t hese  
tests w e r e ,  i n  t h e  main negat ive,  a t  l e a s t  i n s o f a r  a s  in- 
c r eas ing  t h e  plasma br ightness  is concerned. Also, t o  t h e  
l i m i t e d  ex ten t  inves t iga ted ,  i t  w a s  c l e a r  t h a t  t h e  con ica l  
conf igura t ion  would no t  be so e f f e c t i v e  i n  reducing a b l a t i o n  
as t h e  c y l i n d r i c a l  conf igura t ion  of Fig.  5. This conclusion 
i s  understandable i n  view of t h e  f a c t  t h a t ,  i n  t h e  con ica l  
FTA, t h e  column c o n s i s t s  of a convergent flow of  h o t  plasma, 
streaming p a r a l l e l  t o  t h e  conica l  cathode su r face  towards 
t h e  t i p .  The i n t e r p o s i t i o n  of a l a y e r  of cold gas  between 
t h e  cathode su r face  and the main column would be expected 
t o  reduce somewhat t h e  cathode su r face  temperature behind 
t h e  spot ,  b u t  no t  so e f f e c t i v e l y  as i f  t h e  co ld  gas  w e r e  

i n j e c t e d  i n  t h e  absence of an enveloping flow of  h o t  plasma, 
The i n e v i t a b l e  t u r b u l e n t  mixing of t h e  two streams would 
ac t  t o  v i t i a t e ,  i n  p a r t  a t  l e a s t ,  t h e  convection of h e a t  
from t h e  cathode su r face  b y  t h e  cathode gas .  This reason- 
ing w a s  subs t an t i a t ed  by the observat ion of some ab la t ion  

even a t  high cathode i n j e c t i o n  rates.  

-2 1- 
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I -  

The major e f f e c t  of cathode i n j e c t i o n  on t h e  b r i g h t  
plasma bubble (which i s  c h a r a c t e r i s t i c  of t he  conica l  FTA 

i n  t h e  absence of cathode i n j e c t i o n ) ,  as observed i n  t hese  
experiments, was t o  decrease t h e  diameter and increase  t h e  
l eng th  ( i n  t he  d i r e c t i o n  of flow) of  t h e  luminous zone, 
without  any s i g n i f a n t  increase i n  b r igh tness .  I t  i s  esti-  

mated t h a t  t he  t o t a l  power r ad ia t ed  remained r e l a t i v e l y  in-  
dependent of both and [ f o r  cathode i n j e c t i o n *  over a 
wide range. This observation i s  i n  d i r e c t  c o n t r a s t  t o  t h e  
r e s u l t  descr ibed i n  Sec. 1 1 1 - C  where a s i g n i f i c a n t  increase  
i n  plasma b r igh tness  w a s  indeed observed. The basis f o r  t h e  
d i f f e r e n c e  betweeh t h e  two cases remains an open quest ion.  
However,it i s  considered to  be s i g n i f i c a n t  t h a t  i n  t h e  cyl-  
i n d r i c a l  case , i , e . ,  where t h e  inc rease  i n  b r igh tness  was 
observed, t h e  in j ec t ed  gas i s  c l e a r l y  i n  counter f lux  with 
t h e  ion  d r i f t  c u r r e n t  o f  t h e  column. I n  t h e  con ica l  case 
t h i s  s i t u a t i o n  does not  obtain.  H e r e ,  t h e  c u r r e n t  path ( f o l -  

lowed 
t h e  i n j e c t e d  gas,  and then, a t  some p o i n t  downstream of t h e  
cathode t i p ,  it reverses  t o  flow back upstream toward t h e  
cathode spot  near  t h e  ax is .  Thus t h e  ion  d r i f t  c u r r e n t  i s ,  
f i r s t  co-d i rec t iona l  w i t h ,  then orthogonal t o ,  and f i n a l l y  
i n  counter f lux  with the  in j ec t ed  gas.  Fur ther  it i s  conceiv- 
able t h a t  only a s m a l l  f r a c t i o n  of  t h e  i n j e c t e d  gas  i n t e r -  
acts with t h e  ion d r i f t  cu r ren t  i n  counter f lux .  I f ,  there-  
fo re ,  as pos tu la ted  e a r l i e r  (page 16), t h e  causal phenom- 
enon f o r  t h e  b r igh tness  increase  i s  a l o c a l  slowing down of 
t h e  ion  d r i f t  c u r r e n t  b y  t h e  i n j e c t e d  gas ,  t h e  f a i l u r e  t o  
observe any s i g n i f i c a n t  increase  i n  b r i g h t n e s s  i n  t h e  coni- 
cal  case i s  r e a d i l y  r a t iona l i zed .  Fur ther  t h e  s t r e t c h i n g  

by p o s i t i v e  i o n s ) i s  a t  f i r s t ,  co-d i rec t iona l  with 

- L '  

* Since 
;(anode) s i g n i f i c a n t  cooling of  t h e  e f f l u e n t  j e t  by cathode 

fi (ca thode)  w a s  always considerably l e s s  than 

gas  w a s  n e i t h e r  an t i c ipa t ed  nor observed. 
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o u t  of t h e  luminous zone i s  a l s o  understandable, i n  view of 
t h e  much l a r g e r  c o l l i s i o n  cross-sect ion be tweenneut ra l s  

and ions  as compared t o  neut ra l -neut ra l  encounters,  i f  we 
f u r t h e r  p o s t u l a t e  t h a t  a high plasma b r igh tness  r equ i r e s  
a high ion  ( o r  free e l e c t r o n )  d e n s i t y  i n  a region of high 
p o t e n t i a l  g rad ien t ,  o r  high c u r r e n t  dens i ty ,  o r  both.  

Following t h e  l i n e  of reasoning suggested by t h e  pre- 
l iminary experiments on the con ica l  FTA and t h e  c y l i n d r i c a l  
FCCA, two requirements c a n  be deduced f o r  optimizing source 
performance : 

1. The enhancement of plasma b r igh tness  (as w e l l  as 
t h e  i n h i b i t i o n  of  cathode a b l a t i o n )  r e q u i r e s  t h a t  t h e  major 

po r t ion  of t h e  gas  in j ec t ed  a t  t he  base of t h e  cathode e n t e r  
t h e  column i n  counter f lux  t o  the  ion  d r i f t  c u r r e n t .  

2. Since maximum br igh tness  a l s o  r equ i r e s  t h a t  t h e  

h ighes t  poss ib l e  ion-electron d e n s i t y  be maintained i n  t h e  
luminous zone near t h e  cathode and s i n c e  the  p o s i t i v e  column 
generated by t h e  FTA is  anextxemelyion-rich plasma, t h e  posi-  
t i v e  colutnn must  be d i r ec t ed  i n t o  t h i s  zone, w h i c h  i n  t u r n  
means t h a t  the flow from the anode must be co-d i rec t iona l  
w i t h  ion  d r i f t  cu r ren t ,  i.e., i n  oppos i t ion  t o  t h e  cathode 

flow. 

The above conclusions suggest  a source c o n s i s t i n g  of 
a c y l i n d r i c a l  anode and cathode i n  a c o l i n e a r  geometry wi th  
opposing flow. I f  moreover, t h e  f l o w s  a r e  proper ly  con- 
txolled a l a r g e  s tagnant  zone w i l l  be c rea t ed  i n  the reg ion  
of  maximum plasma luminosity.  The b r igh tness  of t h i s  zone 
should be  enhanced near  the cathode by i n j e c t i o n  of cathode 
gas  i n  t h e  required d i r e c t i o n  r e l a t i v e  t o  the  ion  d r i f t  
c u r r e n t ,  The continuum r a d i a t i o n  from t h i s  zone should 

p-3/312 , -23- 
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a l s o  be f u r t h e r  enhanced as it i s  fed with ion  r i c h  plasma 
from the  anode en te r ing  from t h e  oppos i te  d i r e c t i o n .  F i -  
n a l l y ,  t h e  c o l l i s i o n  of the two flows should augment t h e  
s i z e  of  t h e  zone by c rea t ing  a l a r g e r  s tagnant  bubble than 
otherwise poss ib l e  i n  t h e  region of  the discharge most fa- 
vorable  t o  the emission of r a d i a t i o n .  Thus t h e  r a t e  o f  d i s -  
s i p a t i o n  of  emi t t ing  centers  w i l l  be slowed down, increas-  
i ng  the s i z e  a s  w e l l  as the b r igh tness  of t he  emi t t i ng  zone, 
w h i l e  both anode and cathode are operated under condi t ions  
o f  minimum eros ion .  

Several  d i f f i c u l t i e s  w e r e  a l s o  f o r e c a s t  f o r  t h e  pos- 
t u l a t e d c o l i n e a r ,  opposing flow conf igura t ion .  For example, 

t h e  c r e a t i o n  of a l a rge ,  stable s tagnant  zone would r equ i r e  

accu ra t e ly  balanced, symmetrical, and r a d i a l l y  uniform flows 
both  cathode and anode. A l s o ,  s i nce  t h e  flow cross-sec t ions  
are unequal ( t h e  anode column having approximately twice 
t h e  diameter of  t h e  aathode column a t  a given a r c  c u r r e n t )  
some d i f f i c u l t y  w a s  forseen i n  balancing t h e  two flows, 
and i n  prevent ing excess h o t  plasma from the anode from imping- 

i n g  on t h e  cathode s t ruc ture .Both  of t hese  d i f f i c u l t i e s  
w e r e  a c t u a l l y  encountered i n  t h e  f irst  t r i a l s  of t h i s  con- 
cep t ,  and both  w e r e  overcome i n  t h e  manner descr ibed b e l o w .  

A sketch of the e l ec t rode  system used t o  t e s t  t h e  op- 
posed geometry i s  shown i n  Fig.  8. A porous graphi te*  anode 
w a s  used, with argon as the  working f l u i d  f o r  bo th  anode 
and cathode, I t  w i l l  be noted i n  Fig.  8 tha t  the anode arc 
con tac t  su r f ace  i s  concave in s t ead  of  the p l ana r  su r face  
used he re to fo re  i n  t h e  c y l i n d r i c a l  FTA. The  u s e  of t h e  
concave sur face  w a s  e f f e c t i v e  i n  compensating f o r  t h e  in-  

* National  Carbon Co. type NC- 60 
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. 

e q u a l i t y  i n  t h e  r a d i a l  dimensions of  t h e  cathode and anode 

flow f i e l d s  mentioned above. I n  the f i r s t  runs using f l a t  

anodes, it w a s  found t h a t  the cathode j e t  was not  e f f e c t i v e  
i n  prevent ing t h e  per iphera l  po r t ions  of  t he  anode column 
from reaching t h e  cathode s t r u c t u r e  and causing overhea t ing ,  

except  a t  inconveniently l a rge  arc gaps (e.g.,> 20 mm. ) . BY 
using an anode w i t h  a concave su r face  whose r ad ius  of c u r -  
v a t u r e  w a s  s l i g h t l y  less  than the gap d i s t a n c e  desired (15- 
18 mm) it was expected t h a t  the anode column cou ldbe  "fo- 
cussed down" t o  the na tu ra l  cathode column diameter so tha t  

bo th  flows could be properly balanced. This supposi t ion 
w a s  based on an e a r l i e r  observat ion t h a t  e f f u s i v e  flow from 
a porous surface, containing a mult i tude of pores with ran- 
dom o r i e n t a t i o n ,  was e s s e n t i a l l y  normal t o  t h e  sur face .  
The flow from a concave sur face  would the re fo re  e s t a b l i s h  
an a x i a l l y  d i r e c t e d  r a d i a l  p ressure  g rad ien t  thus  reducing 
t h e  c ross -sec t ion  of the  f l o w  f i e l d  nea r  t h e  cen te r  of c u r -  
va tu re .  This e f f e c t  was v e r i f i e d  experimental ly  and w a s  
success fu l  i n  providing adequately balanced f l o w s  a t a c c e p t -  

ab le  a r c  gaps(15 t o  20 m m ) .  

The problem of flow uniformity w a s  solved by cold flow 
t e s t i n g  from each e lec t rode ,  using a miniature  p i t o t  t u b e ,  
and making adjustments u n t i l  t h e  flow probe ind ica t ed  good 
uniformity.  I n  the case  of t h e  cathode, t h e  adjustment con- 
s i s t e d  of a l ign ing  t h e  cathode and nozzle p iece  f o r  accurate 
c o n c e n t r i c i t y .  I n  t h e  case of t h e  anode, c a r e f u l  s e l e c t i o n  
of t h e  porous anode mater ia l  f o r  uniform permeabi l i ty  w a s  
required.  I t  w a s  a l s o  found d e s i r a b l e  t o  e s t a b l i s h  accu - 
ra te  c o l i n e a r i t y  of t h e  cathode and anode axes. These ad- 
justments were no t  o v e r - c r i t i c a l ,  and, once proper ly  made, 
permit ted the  source t o  operate  i n  a stable manner f o r  ex- 
tended per iods  of t i m e .  
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Although there was no opportunity for optimizing the 
operating conditions or make any quantitative radiometric 
measurements, qualitative observation left little doubt 
that a significant increase in source brightness had been 
achieved. For example, the conical FTA or cylindrical FTA 
with the offset geometry (Fig. l), operating at the same 
power level,( -6 kW)were visually much less luminous. 
is not known whether the apparent increase in luminosity 
was due to a higher temperature in the emitting plasma zone, 
or to the larger zone created, or both. From the fact that 
the light from the opposed geometry source appeared to have 
a more bluish cast than the others, it is predicted that 
subsequent measurements will show a higher temperature as 
well as the larger emitting zone. 

It 

A close-up photograph of the electrodes is shown in 
Fig.9, and a picture of the unit in operation, taken at the 
same magnification, is shown in Fig. 10. Conditions of the 
run were: I = 150 amp, V = 40 volts, gap = 17 mm, 
ode) = 0.67 gm/sec-cm*; &(cathode) = 0.13 gm/sec-cm2. 

r i ~  (an- 

Several points of interest are observable from Figs.9 
and 10. First, it is seen that the luminous zone is un- 
usually large for a 6 kW arc, measuring some 8 mm long by 
4 mm wide. This provides something like 4 or 5 times the 
emitting zone area of the other configurations at same power 
level. Secondly, we observe in the photo no trace of the 
luminous positive column from anode whose temperature is 
known from previous measurements (see Ref.3), to be ll,OOO°K. 

The absence of a positi-ve column image is due to reduc- 
tion of the film exposure until it was correct for the 
luminous zone near the cathode, which therefore must have 
had a temperature much higher than that of the positive 
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FIG. IO OPPOSED GEOMETRY IN OPERATION 
( SAME MAGNIFICATION AS FIG. 9 1 

p-3/3 12 -2 g- 



COL-U M B I A U N I VERS ITY-ELECTRON I C s  RESEARCH LABORATORl ES 

column. F i n a l l y ,  t he  r e l a t i v e l y  low temperature of t he  ca- 

thode behind the  spot ,  as noted i n  F ig .  10, presages inh ib i -  
t i o n  of cathode a b l a t i o n  similar t o  t h a t  descr ibed previously.  

B .  DESIGN AND PROCUREMENT 

1. Radiation Source 

I n  view of t he  successful  r e s u l t s  of t h e  i n i t i a l  
experiments, p a r t i c u l a r l y  the  promise of long opera t ing  l i f e  
f o r  t he  opposed geometry FTA, it was decided t o  proceed i m -  
mediately with t h e  design and cons t ruc t ion  of  a r a d i a t i o n  
source based on t h i s  concept. For t h i s  purpose anode and 
cathode s t r u c t u r e s  were designed f o r  opera t ion  under pres- 

s u r e  wi th in  a quar tz  e n c l o s u r e .  Because of t h e  s i m i l a r i t y  
i n  t h e  e l ec t rode  configurat ion of the opposed geometry FTA 

and the  vo r t ex - s t ab i l i zed  a r c  r a d i a t i o n  source lo the  double 
qua r t z  cy l inde r  arrangement developed f o r  t h e  l a t t e r  system 
w a s  chosen f o r  t h e  FTA source. This system u t i l i z e s  two 
concent r ic  quar tz  cy l inders  with an a u x i l i a r y  stream of cold 

gas ,  maintained a t  t h e  same pressure  as i n  t h e  enclosure,  
flowing between t h e  two cyl inders .  I n  this manner t h e  inne r  
cy l inde r  bea r s  t h e  e n t i r e  thermal g r a d i e n t  of  t h e  envelope 
b u t  i s  under  no mechanical s t r e s s ,  s i n c e  t h e  gas pressure  
i s  t h e  same on both s i d e s .  The o u t e r  cy l inde r  bears the  en- 
t i r e  mechanical s t r e s s  b u t  l i t t l e  o r  no thermal g rad ien t  
owing t o  t h e  cool ing e f f e c t  of t h e  i n t e r c y l i n d r i c a l  gas flow. 
I n  t h i s  manner maximum operat ing d u r a b i l i t y  under high in-  
t e r n a l  pressure  i s  achieved. 

An assernb'ly diagram of the  f i r s t  design modifica- 
t i o n  i s  shown i n  Fig.  11. The gas flow from the  anode and 
cathode f l a r e  r a d i a l l y  outwards from t h e  arc zone and are 
zone and are caught up b y  a cold gas sweep, introduced a f t  
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of the anode s t r u c t u r e ,  and flowing t a n g e n t i a l l y  along t h e  
i n s i d e  su r face  of the inner  quar tz  cy l inde r .  The sweep gas 

se rves  no t  only t o  keep t h e  i n s i d e  su r face  clear of acciden- 
t a l l y  dislodged p a r t i c l e s  or t r a c e s  of e l ec t rode  vapor, b u t  
a l s o  tempers t h e  ho t  a r c  e f f l u e n t ,  he lp ing  t o  lower i t s  
temperature be fo re  i t  e n t e r s  t he  exhaust passages.  The l a t -  
t e r  c o n s i s t  of a s e r i e s  of  channels i n  t h e  water cooled 
cathode s t r u c t u r e ,  disposed r a d i a l l y  about t h e  cathode a x i s .  
A f t e r  leav ing  t h e  a r c  u n i t  the  exhaust gas  i s  f u r t h e r  cooled 
i n  an ex te rna l  h e a t  exchanger and i s  then passed through t h e  
space between t h e  two quartz  cy l inde r s  so as t o  maintain a 
l o w  temperature on ‘ inside surface of t h e  outer  cy l inde r  and 
t o  reduce t h e  pressure  drop across  t h e  inner  cy l inde r  essen- 
t i a l l y  t o  zero.  

Af te r  emerging from t h e  i n t e r - c y l i n d r i c a l  passage- 
way t h e  gas  i s  again brought down t o  room temperature, f i l -  
t e r e d ,  repressur ized ,  and fed t o  t h e  i n l e t p o r t s  . This ar- 
rangement thus  c o n s t i t u t e s  a completely closed r e c i r c u l a t i o n  
system with adequate safeguards f o r  reliable opera t ion .  
A diagrammatic sketch of the  e n t i r e  system i s  presented i n  

F ig .  12.* 

A t  t h e  p re sen t  t i m e ,  t h e  e l e c t r o d e  s t r u c t u r e s  are 
i n  process  of f a b r i c a t i o n ,  and procurement of  t h e  lamp hous- 
ing (qua r t z  cy l inde r s  and e n d s t r u c t u r e s  ), as w e l l  as t h e  
gas  r e c i r c u l a t i o n  system,has been negot ia ted  with t h e  Tama- 
rack S c i e n t i f i c  Co. of Orange, C a l i f o r n i a .  Included i n  t h i s  
procurement is a c a lo r imeter  chamber which w i l l  enclose t h e  
the lamp dur ingopera t ion ,  and a l s o  permit measurements of 
t h e  t o t a l  r ad ia t ed  power t o  be made. Appropriate s l i t s  and 

* The a u x i l i a r y  cool ing and r e c i r c u l a t i o n  of  t h e  gas  through 
t h e  i n t e r c y l i n d r i c a l  passageway has  no t  been d e t a i l e d  i n  Fig.  
1 2 .  
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' 

a p e r t u r e s  i n  the chamber a r e  provided f o r  viewing of t h e  
a r c  discharge and e x t e r n a l  measurements of s p e c t r a l  i r r a d i -  
ance.  It i s  a n t i c i p a t e d  t h a t  t h e  completed lamp system 
w i l l  be received i n  November of t h i s  y e a r .  

. 

2 Radiometry 

The performance of the lamps a s  a source f o r  s o l a r  

s imulat ion w i l l  be evaluated ( i n  add i t ion  t o  ope ra t iona l  re- 
l i a b i l i t y )  c h i e f l y  by radiometr ic  measurements of t o t a l  rad ia-  
t e d  power and s p e c t r a l  i r r ad iance .  The former w i l l  be c a r r i e d  

o u t  by t h e  Tamarack c a l o r i m e r c h a m b e r  now under procure- 
ment. A complete radiometry system for  meaeurement of t h e  
s p e c t r a l  i r r a d i a n c e  is  c u r r e n t l y  being procured. The radio- 
metry system chosen f o r  t h i s  purpose i s  t h a t  developed by 
S t a i r  e t  a l l '  and present ly  i n  use by t h e  Radiometry Sec- 

t i o n ,  Thermophysics Branch, Spacecraf t  Technology Divis iog  
of NASA a t  Goddard Spacer F l i g h t  C e n t e r  The system involves  

comparison of t h e  unknown source with a s tandard source, 
the l a t t e r  cons i s t ing  of a 1,000 wat t  quartz- iodine tungs ten  
f i lament  lamp, c a l i b r a t e d  f o r  s p e c t r a l  i r r ad iance  over t h e  
range 0.25 t o  2.5 microns by the Eppley Laboratory, Inc., 
Newport, R, I. The r a d i a t i o n  from a given ( s m a l l )  s = > l i d  

angle  of e i t h e r  source i s  i n i t i a l l y  passed through a 4 dia-  
meter i n t e g r a t i n g  sphere,  so t h a t  t h e  comparison is made 

on t h e  b a s i s  of t h e  r ad ian t  f l u x  per u n i t  s o l i d  angle  ( i r r a -  
d i a n c e ) .  T h e  l i g h t  emerging from t h e  sphere i s  then passed 

through a L e i s s  double prism monochromator with s l i t s  ad- 
j u s t e d  t o  pass t h e  r a d i a t i o n  i n  100 A bands below 1 micron, and 

1000 A bands above 1 micron. 

11 

A chopper wheel i n  f r o n t  of 

* The w r i t e r s  a r e  indebted t o  D r .  Charles  Duncan and h i s  
a s s o c i a t e s  i n  t h e  Thermophysics Branch, Messers S tan ley  
Neuder, Ralph S t a i r ,  and Malcolm Li l lywhi te ,  fo r  t h e i r  kind 
a s s i s t a n c e  and h e l p f u l  suggestions r e l a t i n g  t o  radiometry.  

p-3/312 -34- 



COLUMBIA U N IVERSITY-ELECTRON ICs RESEARCH LABORATORIES 

the monochromator entrance s l i t  i n t e r r u p t s  t h e  beam period- 
i c a l l y  so t h a t  subsequent de t ec t ion  and s i g n a l  ampl i f i ca t ion  
i s  c a r r i e d  o u t  a t  a frequency of 500 Hz, Two d e t e c t o r s  a r e  
a l t e r n a t i v e l y  pos i t i onab le  a t  t h e  e x i t  s l i t .  
of a p a i r  of matched Eastman - Kodak Coo Ektron lead  su lphide  
cells  mounted i n  an evacuated, t he rmoe lec t r i ca l ly  cooled de- 
t e c t i o n  module, being b u i l t  by t h e  Edgerton, Germeshausen, 
and G r i e r  Coo of Boston, Mass. It  covers t h e  range from 
2.5 down t o  0.7 microns. 
an Ascop type 541E-05M-H low noise  photomul t ip l ie r  which 
covers  t h e  balance of the s o l a r  s imulator  range, i .e . ,  from 
0.7 t o  0.25 microns. T h e  output of e i t h e r  d e t e c t o r  i s  fed 

t o  a Brower Labmato r i e s  lock-in type  p rec i s ion  ampl i f i e r  
whose output  is  recorded on t h e  Y-axis of a Houston Omrli- 

graphic  recorder .  The X-axis of t h e  recorder  is indexed a t  
100 i n t e r v a l s  by means of a s p e c i a l  contac tor  drum a t -  
tached t o  a motorized d r ive  on the wave-length control of 
t h e  L e i s s  monochromator. 

One c o n s i s t s  

The second d e t e c t o r  c o n s i s t s  of 

A l l  of t h e  components f o r  the above radiometry 
system have been ordered and it i s  expected t h a t  d e l i v e r i e s  
w i l l  have been completed by e a r l y  October of t h i s  yea r .  
It is f u r t h e r  a n t i c i p a t e d  t h a t  t h e  radiometry system w i l l  
be assembled and checked out  by t h e  t i m e  the lamp system 
is  received.  
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I V .  PLANS FOR THE SECOND SIX-MONTH PERIOD 

The following t a sks  a re  scheduled f o r  the second s ix -  
month per iod pf t h i s  p r o j e c t :  

(1) Complete cons t ruc t ion  of the f i rs t  modif icat ion 
of  the  FTA r a d i a t i o n  source. 

( 2 )  A s s e m b l e  lamp housing i n  ca lor imeter  chamber: 
set  up and check o u t  ca lor imeter  instrumentat ion f o r  meas- 
urement  of  t o t a l  r a d i a n t  power. 

(3) A s s e m b l e  and check o u t  gas  r e c i r c u l a t i o n  system 
and a u x i l i a r y  water-cooling c i r c u i t s .  

(4) A s s e m b l e  and check o u t  radiometry system f o r  meas- 

u remnto f  s p e c t r a l  i r r ad iance .  

(5) Begin tests on opera t ing  characterist ics of  FTA 

lamp a t  var'ious pressure  l e v e l s  up t o  20 atm. 
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